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Glycosylation plays a major role in the structural diversification of plant natural products.
It influences the properties of molecules by modifying the reactivity and solubility
of the corresponding aglycones, so influencing cellular localization and bioactivity.
Glycosylation of plant natural products is usually carried out by uridine diphosphate
(UDP)-dependent glycosyltransferases (UGTs) belonging to the carbohydrate-active en-
zyme glycosyltransferase 1 (GT1) family. These enzymes transfer sugars from UDP-activated
sugar moieties to small hydrophobic acceptor molecules. Plant GT1s generally show high
specificity for their sugar donors and recognize a single UDP sugar as their substrate. In
contrast, they are generally promiscuous with regard to acceptors, making them attractive
biotechnological tools for small molecule glycodiversification. Although microbial hosts
have traditionally been used for heterologous engineering of plant-derived glycosides, tran-
sient plant expression technology offers a potentially disruptive platform for rapid character-

ization of new plant glycosyltransferases and biosynthesis of complex glycosides.

ollectively, plants synthesize a diverse array
Cof chemicals, most likely as a means of sur-
vival in diverse ecological niches. These mole-
cules have been variously associated with abiotic
stress resistance (Trossat et al. 1998; Nuccio et al.
1999), defense against herbivores and pathogens
(Osbourn 1996; Vetter 2000; Howe and Jander
2008), establishment of symbiotic interactions
(Oldroyd 2013), allelopathy (Weston and Ma-
thesius 2013), and attraction of pollinators
(Ogata et al. 2005; Theis and Raguso 2005; Yu
and Utsumi 2009). Plant-specialized metabolites
are derived from a repertoire of different types of
scaffolds. These scaffolds commonly undergo
further modification (e.g., oxidation, glycosyla-
tion, methylation, and acylation) to generate a

wealth of chemical diversity, with around one
million specialized metabolites being reported
from plants so far (Afendi et al. 2012). Among
these modifications, glycosylation has a pro-
found impact on the physicochemical and bio-
active properties of phytochemicals, affecting
solubility, cellular localization, and bioactivity.

Here we review recent developments in un-
derstanding the enzymes involved in plant nat-
ural product glycosylation. We also consider the
various heterologous expression hosts used for
metabolic engineering of plant glycosides. Fi-
nally, we discuss the potential for harnessing
enzymes from plants for glycodiversification of
small molecules for medicinal, agronomic, and
industrial applications.
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GLYCOSYLATION OF PLANT-SPECIALIZED
METABOLITES

The Impact of Glycosylation on Bioactivity

Many plant-specialized metabolites accumulate
as glycosides. Glycosylation is often a means of
storage of bioactive molecules (e.g., endogenous
phytoanticipins or xenobiotics). While some
plant glycosides are biologically active in their
glycosylated form, in other cases partial or com-
plete hydrolysis of sugars may activate or en-
hance bioactivity (Fig. 1). In scenarios where
glycosylation is required for bioactivity, complex
glycosylation patterns are often observed. For
example, triterpenoid saponins and steroidal
glycoalkaloids often contain oligosaccharide
chains consisting of different types of sugar
units (Vincken et al. 2007). Such compounds
protect plants against attack by pathogenic mi-
crobes, herbivores, and competing plant species
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(Augustin et al. 2011; Sawai and Saito 2011).
Two examples, avenacin A-1 from oat and
o-tomatine from tomato, are shown in Figure
1A. Glycosylation is critical for the ability of
triterpenoid saponins and steroidal glycoalka-
loids to integrate into and permeabilize plasma
membranes, and also for bioactivity (Bowyer
et al. 1995). Glycosylation is also important for
flavonoid pigment stability, enabling intra- and
intermolecular association of anthocyanins with
other flavonoids, metal ions (metalloanthocya-
nins), or aromatic organic acids under condu-
cive pH conditions. The central role of flavonoid
glycosidic moieties in formation of such hydro-
phobic stacking structures has recently been
demonstrated by the engineering of blue chry-
santhemums (Noda et al. 2017). Ternatin D3,
one of the anthocyanins responsible for the
blue coloration of Clitoria ternatea, is also
shown in Figure 1A.
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Figure 1. Examples of glycosylated plant-specialized metabolites. Compounds that are active in their fully
glycosylated forms (A) or upon hydrolysis (B) are shown.
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Glucosinolates and cyanogenic glucosides
(Fig. 1B) are examples of situations where gly-
cosylated plant natural products are activated
by removal of sugars to give deterrent or toxic
breakdown products that provide protection
against pest and pathogen attack. The enzymes
that catalyze deglucosylation (thiospecific glu-
cohydrolases myrosinases or specific B-glycosi-
dases, respectively) are normally stored away
from their substrates in separate subcellular
compartments or cell types but are released on
tissue damage (Hopkins et al. 2009; Gleadow
and Moller 2014). Other examples of activation
of plant natural products by hydrolysis of
sugars include glycoside-bound volatiles (e.g.,
monoterpenes, sesquiterpenes, phenolics) with
various roles in pollinator attraction, biotic/
abiotic stress tolerance, and communication
between plants (e.g., geranyl glucoside) and
benzoxazinoid defense compounds (e.g., 2,4-di-
hydroxy-7-methoxy-1,4-benzoxazinone-3-one
(DIMBOA) glucoside) (Fig. 1B; de Bruijn et al.
2018; Song et al. 2018). Those compounds that
are activated by hydrolysis, in general, have rel-
atively simple glycosidic moieties and are usual-
ly mono- or diglycosides, typically containing
D-glucose.

Glycosyl Transferase Family 1 (GT1):
An Engine for Glycodiversification

Enzymes that build or break down the con-
siderable diversity of glycosylated structures
found in living organisms (e.g., proteins,
lipids, polysaccharides) are collectively referred
to as carbohydrate-active enzymes (CAZymes)
(Cantarel et al. 2009). CAZymes include the
glycosyltransferases (GTs), a large enzyme
superfamily that has been classified into 106
different enzyme families (www.cazy.org/
glycosyltransferases.html). The enzymes that
are primarily responsible for glycosylation of
plant natural products belong to glycosyltrans-
ferase family 1 (GT1). Members of the GT1 en-
zyme family in plants use uridine diphosphate
(UDP)-activated sugar donors to transfer sugar
units onto small molecules and are therefore
also referred to as UDP-dependent glycosyl-
transferases (UGTS).

Plant Natural Product Glycosylation

GT1 enzymes make major contributions
to the glycodiversification of plant-specialized
metabolites (Vogt and Jones 2000; Bowles et
al. 2006). They are involved in the production
of important defense compounds such as terpe-
noid glycosides, glucosinolates, cyanogenic gly-
cosides, and flavonoid glycosides (Senderby
et al. 2010; Sawai and Saito 2011; Gleadow and
Moller 2014). The stability of pigments (e.g.,
anthocyanins), the taste of fruit (e.g., flavonoids,
diterpenoids), and the retention of aromas in
flowers or fruits (e.g., monoterpenes, phenyl al-
cohols) are also modulated via GT1-mediated
glycosylation (Noda 2018; Song et al. 2018).
GT1 enzymes are also involved in regulation of
plant growth and development via modulation
of phytohormone homeostasis (Piotrowska and
Bajguz 2011). They further enable xenobiotic
detoxification through glucoconjugation, a step
that precedes transfer and subsequent storage
of the modified xenobiotic in the vacuole (Bra-
zier-Hicks et al. 2018).

GT1 PHYLOGENY

The family 1 GTs are one of the largest groups of
natural product-decorating enzymes in plants.
The expansion of this family in higher plants
likely reflects chemical diversification during ad-
aptation to life on land (Yonekura-Sakakibara
and Hanada 2011; Caputi et al. 2012). Mining
of the complete genome sequence of Arabidopsis
thaliana has identified 107 predicted GT1 genes.
These GT1 enzymes have been classified into
14 monophyletic groups (groups A to N) (Ross
et al. 2001). Three new phylogenetic groups
(O, P,and Q), which are not found in A. thaliana
but are present in other plant species, have also
subsequently been reported (Fig. 2; Caputi et al.
2012; Li et al. 2014).

Most plant GT1 enzymes use UDP glucose
as their sugar donor. However, the ability to use
alternative sugar donors appears to have evolved
multiple times, and closely related enzymes
may use different sugar donors. This is illustrat-
ed by three closely related A. thaliana group
F flavonoid GTs, UGT78D1, UGT78D2, and
UGT78D3 (indicated by asterisks in Fig. 2),
each of which use a different UDP sugar donor

Cite this article as Cold Spring Harb Perspect Biol 2019;11:a034744 3
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Figure 2. Phylogenetic tree of characterized plant glycosyltransferases 1 (GT1s). Reconstruction of GT1 phylog-
eny from a collection of 246 biochemically characterized GT1 protein sequences. The groups are delineated as
defined by Ross et al. (2001) and Caputi et al. (2012). Discrete clusters of enzymes with similar activities are
indicated. Monocot-specific branches are shown in blue. The tree was constructed with Mega 6.06 (Tamura et al.
2013) using the maximum likelihood method from a protein alignment obtained with MUSCLE 3.8 (Edgar
2004). ¥, Closely related Arabidopsis thaliana family F GT1s with different sugar specificities (see main text). The
scale bar indicates 0.2 substitutions per site at the amino acid level.

(Jones et al. 2003; Tohge et al. 2005; Yonekura-
Sakakibara et al. 2008). The discovery that a
small number of key amino acid residues are
critical for sugar donor specificity may explain
the rapid evolution of sugar donor specificity
observed throughout the phylogeny.

Although some light has been shed on de-
terminants of sugar donor specificity, the deter-
minants of acceptor recognition remain obscure
and the link between phylogeny and acceptor
utilization is not always straightforward. How-
ever, careful examination of the phylogenetic
reconstruction of functionally characterized
GT1s does reveal discrete clustering of GT1s

with structurally related acceptors or functions
(Fig. 2). Early phylogenetic studies of com-
prehensive collections of plant GT1 enzymes
have focused mainly on flavonoid GTs. The
tree topology of flavonoid GT1s broadly recapit-
ulates their regiospecificity (Vogt and Jones
2000; Lim et al. 2004), suggesting that regiospe-
cificity emerged prior to speciation. Different
types of flavonoid GTs are located in four
distinct (sub)clades that correlate with their
respective regiospecificities (Fig. 2; Vogt and
Jones 2000; Noguchi et al. 2009). Another group
(group A) contains GT1s that extend flavonoid
sugar chains, and also enzymes that add sugars
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to the sugar chains of a variety of other types of
scaffolds, collectively referred to as glycosidic
branch elongating GTs (GGTs) (Fig. 2). Addi-
tional discrete clusters of GT1s that recognize
structurally similar acceptors have also been re-
cently identified (Augustin et al. 2011; Yone-
kura-Sakakibara and Hanada 2011). An impor-
tant monophyletic group composed exclusively
of C-GTs has emerged in recent work (Naga-
tomo et al. 2014), labeled as group R in Figure
2. However, there are many exceptions to the
premise that GT1 function can be predicted
based on phylogeny alone. For example, numer-
ous examples of enzymes that add sugars to the
sugar chains of plant natural products have been
found outside of group A (Mohamed et al. 2011;
Sayama et al. 2012; Itkin et al. 2013). Similarly,
whereas a number of triterpenoid GT1s are
present in group D, there are numerous exam-
ples of triterpenoid GT1s that belong to other
GT1 families (Achnine et al. 2005; Jung et al.
2014; Wei et al. 2015).

A growing number of monocot GT1s have
now been characterized. Some of these fall into
monocot-specific GT1 subfamilies within the
larger monophyletic groups (D, E, and L) (Fig.
2; Caputi et al. 2012). Most of these GT1s seem
to have similar acceptor specificity to their eudi-
cot relatives within the same monophyletic
group, although further work is needed to estab-
lish whether these monocot-specific subfamilies
are functionally equivalent to their eudicot
counterparts.

GT1s—PROMISCUOUS BIOCATALYSTS FOR
SCAFFOLD GLYCOSYLATION

UGTs catalyze the transfer of a sugar from a
UDP sugar donor to an acceptor (usually a lipo-
philic molecule). GT1s generally show high
specificity for their sugar donors and a single
activated sugar is efficiently recognized as the
substrate (Osmani et al. 2009). Plant GT1 en-
zymes accommodate their sugar donors primar-
ily via a highly conserved motif (Fig. 3A) called
the plant secondary product glycosyltransferase
(PSPG) motif (Hughes and Hughes 1994; Ross
etal. 2001). In contrast to the observed specific-
ity for particular sugar donors, in vitro studies

Plant Natural Product Glycosylation

using recombinant enzymes from A. thaliana
have highlighted the promiscuity of many
GT1s with regard to acceptor recognition (Vogt
and Jones 2000; Lim et al. 2002; Caputi et al.
2008). For example, UGT85K4 and UGT85K5
from cassava (Manihot esculenta) (group G)
are involved in cyanogenic glucoside biosynthe-
sis. The ability of these enzymes to glycosylate
precursors of the cyanogenic glycosides lina-
marin and lotaustralin in vitro is consistent
with their role in planta. However, these en-
zymes also recognize a wide range of other ac-
ceptors in in vitro assays, including flavonoids,
simple alcohols, and various hydroxynitriles
(Kannangara et al. 2011). In contrast, other
GT1s show high specificity toward one or a
few structurally related compounds. For exam-
ple, UGT85A24 from Gardenia jasminoides,
which is part of an iridoid biosynthetic pathway,
shows high specificity toward the iridoid 7-de-
oxyloganetin but does not exhibit activity to-
ward the immediate precursor 7-deoxyloganetic
acid (Nagatoshi et al. 2011). Most GT1s act on
hydroxyl or carboxyl groups, but N-, S-, or
C-glycosylation can also occur (Jones and Vogt
2001; Grubb et al. 2004; Hou et al. 2004; Brazier-
Hicks et al. 2007b, 2009; Wang et al. 2011).

STRUCTURES OF PLANT GT1 ENZYMES

To date, a total of nine crystal structures of plant
GT'1s have been solved (Table 1; Shao et al. 2005;
Offen et al. 2006; Brazier-Hicks et al. 2007a; Li
et al. 2007; Modolo et al. 2009; Hiromoto et al.
2015; Wetterhorn et al. 2016; George Thompson
et al. 2017; Hsu et al. 2018). Although those
enzymes have relatively low amino acid se-
quence identity (typically 25%-45%), they share
very similar 3D structures (Osmani et al. 2009;
Wang 2009). This common structure is called
the GT-B fold and is formed of two Rossmann-
like domains, composed of central B-strands
surrounded by several o-helices (Fig. 3B). The
catalytic site is localized in a cleft between the
two domains.

In plant GT1s, two highly conserved resi-
dues play a crucial part in the Sy2-like mecha-
nism in which the stereochemistry of the C1
anomeric carbon is inverted during the reaction,

Cite this article as Cold Spring Harb Perspect Biol 2019;11:a034744 5
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Figure 3. Determinants of sugar specificity of plant glycosyltransferases 1 (GT1s). (A) Consensus plant secondary
product glycosyltransferase (PSPG) motif generated by weblogo (weblogo.berkeley.edu) from an alignment
of characterized GTls. (B) The sugar donor-binding site for the crystal structure of the GT1 enzyme
UGT?71G (aflavonoid/triterpenoid O-glucosyltransferase Medicago truncatula) in complex with uridine diphos-
phate glucose (UDP-Glc) (PDB code 2ACW). The PSPG motif is shown in dark green, the N5 loop in light
green, and catalytic residues in dark red. UDP-Glc is shown as a ball and stick model and colored in blue.
Proposed hydrogen bonds are shown as dashed lines. (C) Compared structures of most common sugar donors of

plant GT1s.

making them inverting GTs (Fig. 4A; Wang
2009). A histidine positioned around the 20th
residue (Fig. 3A) acts as a general base to depro-
tonate the acceptor. Nucleophilic attack of the
C1 carbon of the UDP-sugar is achieved by the
deprotonated acceptor (Fig. 4A; Lairson et al.
2008; Wang 2009). A conserved aspartate resi-
due in proximity to the histidine has been pro-
posed to help to balance the charge from the
histidine to form an acceptor-His-Asp catalytic
triad (Fig. 4A). However, the existence of rare
examples where those residues are not con-
served suggests that alternative catalytic mecha-
nisms might take place (Noguchi et al. 2007;
Wang et al. 2011, 2013; Wilson et al. 2017).
The crystal structure of the ester-forming sali-
cylic acid glucosyltransferase UGT74F2 from

A. thaliana suggests that other residues could
be used to help deprotonate the acceptor for
nucleophilic attack by a carboxylate oxygen
(George Thompson et al. 2017). Similar mech-
anisms may also exist in ester-forming UGT
families that lack the catalytic aspartate (Wilson
et al. 2017). The recent crystallization of the
deoxynivalenol-glucosyltransferase Os79 from
rice, coupled with site-directed mutagenesis,
suggests that Thr291 plays a critical role in either
positioning the B-phosphate of UDP or proton-
ating it (Wetterhorn et al. 2016). This residue is
extremely well conserved in all UGTs as either a
serine or threonine (Ser/Thr in Fig. 4A), with
a few exceptions, including the Lamiales flavo-
noid 7-O-glucuronosyltransferase UGT88Ds
(replaced by arginine), the A. thaliana arabino-

6 Cite this article as Cold Spring Harb Perspect Biol 2019;11:a034744
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Table 1. Plant GT1 enzymes for which crystal structures have been determined

Activity References

Flavonoid/triterpenoid O-

Shao et al. 2005

glucosyltransferase

Flavonoid 3-O-glucosyltransferase
Chlorinated phenols N/O-

Offen et al. 2006
Brazier-Hicks et al. 2007a

glucosyltransferase

Gene PDB
name Species entry
UGT71Gl  Medicago truncatula 2ACW
VvGT1 Vitis vinifera 2C1Z
UGT72B1  Arabidopsis thaliana 2VCH
UGT85H2 M. truncatula 2PQ6
UGT78G1 M. truncatula 3HBF
UGT78K6  Clitoria ternatea 4REM
0Os79 Oryza sativa 5TME
UGT74F2  A. thaliana 5U6M
UGT72B29 Persicaria tinctoria ~ 5NLM

Flavonoid 3-O-glucosyltransferase
Flavonoid 3-O-glucosyltransferase
Flavonoid 3-O-glucosyltransferase
Deoxynivalenol O-glucosyltransferase
Salicylic acid O-glucosyltransferase
Indoxyl O-glucosyltransferase

Li et al. 2007

Modolo et al. 2009

Hiromoto et al. 2015
Wetterhorn et al. 2016
George Thompson et al. 2017
Hsu et al. 2018

syltransferase UGT78D3 (replaced by arginine),
the majority of the C-glucosyltransferases
from group Q (replaced by asparagine), and
the cassava o-hydroxynitrile glucosyltransfer-
ases UGT85K4 and UGT85KS5 (replaced by cys-
teine). These striking amino acid substitutions
in GT1s with noncanonical substrates could
suggest a pivotal role for this residue position
in determining the substrate specificity and cat-
alytic properties of GT1s.

ACCEPTOR RECOGNITION

The determinants of acceptor recognition in
GT1s are poorly understood (Osmani et al.
2009; Wang 2009). GT1 acceptor promiscuity
is reflected by the nature of the acceptor-binding
site, which consists primarily of a large apolar
pocket within the amino-terminal domain
(Fig. 3B). Residues within the acceptor-binding
pocket are located in regions that are poorly con-
served in plant GT1s (Osmani et al. 2009). Little
is known about the mechanisms underlying the
correct orientation of the acceptor molecule and
therefore the regiospecificity of glycosylation cat-
alyzed by GT1s. Hydrophobic stacking of apolar
acceptors by aromatic residues, plus the steric
constraints relative to the shape and volume of
the pocket, seem to be the primary determinants
of acceptor recognition. The regiospecificity of
particular GT1 isoforms appears to be defined
by local subtle variations in the polarity and elec-

tronic surroundings of the binding pocket, al-
lowing interactions of GT1s with their ligands
(He et al. 2006; Li et al. 2007; Modolo et al.
2009). This is particularly exemplified by the
crystal complexes of UGT78K6, an anthocyani-
din 3-O-glucosyltransferase from C. ternatea,
where polar residues surrounding the binding
site allow for regiospecificity of the enzyme for
diverse flavonoid acceptors (Hiromoto et al.
2015). The success of engineering strategies
directed at altering acceptor specificity by mod-
ifying the overall volume and shape of the accep-
tor-binding pocket also point in this direction
(Bai et al. 2016; Olsson et al. 2016; Wetterhorn
etal. 2017).

A sequence-based computational tool that
aims to predict GT1 function has recently
been developed (Yang et al. 2018). By coupl-
ing machine learning with a comprehensive
functional dataset (biochemical characteriza-
tion of 54 recombinant A. thaliana GT1s over
17 sugar donors and 91 acceptors), algorithms
were trained to predict GT1 function. This
sequence-based prediction tool, GT-predict,
may in future guide the curation and discovery
of the burgeoning number of predicted GT1s
emerging from large-scale plant genome-
sequencing initiatives. This tool does not, how-
ever, consider the 3D orientation of the chemi-
cal groups relative to the acceptor scaffold, and
so does not take into account regiochemical
biases that could sterically favor/hinder ligand
binding.

Cite this article as Cold Spring Harb Perspect Biol 2019;11:a034744 7
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Figure 4. Proposed catalytic mechanisms of retaining glycosyltransferases 1 (GT1s) (A) and inverting glycosyl
hydrolase family 1 (GH1) transglucosidases (TGs) (B). UMP, Uridine monophosphate.

SUGAR DONOR SPECIFICITY

The sugar donor-binding pocket is located on
the carboxy-terminal domain of the enzyme and
is mainly composed of the PSPG motif. Highly
conserved residues within the PSPG motif that
interact with the UDP part of the sugar donor
have been identified from crystal structures (Fig.
3). The first tryptophan (W1) in the PSPG motif
forms a hydrophobic platform that stacks with
the uracil ring of UDP (this residue is labeled
W339 in Fig. 3B). The glutamine (Q) at the
fourth position of the PSPG motif and the glu-
tamic acid (E) at position 27 (Q342 and E365 in
Fig. 3B) form hydrogen bonds with ribose hy-
droxyl groups. The histidine (H) at position 19
and the serine (S) at position 24 of the PSPG
motif (H357 and S362 in Fig. 3B) interact with
the oxygens of the two phosphates. Two further
residues of the PSPG motif (D/E43 and Q44) are
implicated in sugar recognition by interacting

directly with the hydroxyl groups on position
C2, C3, and C4 of the sugar (Shao et al. 2005;
Wang 2009).

UDP-a.-p-glucose (UDP-GIlc) is the most
common sugar donor recognized by GT1 en-
zymes. Over 80% of plant GT1 enzymes charac-
terized so far are glucosyltransferases, and all the
available crystal structures are for glucosyltrans-
ferases (Table 1). However, plant GT1 enzymes
that use less common nucleotide-activated sug-
ars have also been reported (Table 2). As men-
tioned earlier, sugar specificity seems to be
determined by a few crucial positions, enabling
rapid evolution from UDP-Glc to less common
UDP-sugars. The pivotal role of the final residue
of the PSPG motif for p-glucose/p-galactose se-
lectivity has been highlighted (Table 2; Kubo etal.
2004). The replacement of the conserved Q44 by
H44 determines not only galactosylation activity
but also arabinosylation (Table 2; Fig. 3; Han
et al. 2014; Louveau et al. 2018). Site-directed

8 Cite this article as Cold Spring Harb Perspect Biol 2019;11:a034744



Plant Natural Product Glycosylation

panuuo)

[eD pPue 2[5

M AIATOR SOUBYUD
DYETS UonRINW 9D

JO 9D pue 6¢TT, Usamiaq
uonoeIaur yuaaaird

T10T Te 10 ewedes Kew doof gN ur 8€TS i1 0 a v ap1s024[3 prouadiai], [Ax-a-0-dan €9C6TINVI Xvul "D PA€L1.ON
€10T Te 10 uni| QUON 4 N d S pIo[ex[e024[3 [ep1oIa)s [£x-a-0-dan 996,£0AV wndisiadodd] -g CHNVD
S1DINA
6661 'Te 30 UnIejN QUON. d O a s urur{o3A) kx-a-0-dan GCL96d snjoasvyd IXOZ
8T10T 'Te 32 Ne2ANOT QUON 4 H d 9 HO-7z-prouadiayi], ey-1-g-dan TVZT1 Xout "o LLVSSWOH
aprsouomony3
8107 Te 3 18ee, QUON 4 H 9 V prouadiayay, ey-1-g-dan LY8YLHYM xXvul'n  0Id€L1.ON
B9)
M AJ1AT)OR paoueyud
Sey jueInw a[qnop
SYS1d-OF0VH ‘e1v
JO SO YIIM UOnORIdUI
o1qoydoIpAy ur pasjoAur
810C 'Te 32 neaANO] 3q pmo> doof N Ut $51d 4 H d S HO-¢-prouadiayu, eIy-1-g-dan 1269C0ZV Ds051415 vUNY 1d661.5N
AX yim £anoe puvIYY]
$10T Tedo uey  doueyud HOYCH UOHRINA V H d D HO-G-prouoael] eIy-1-g-ddn qLec6ddyv sisdoprqoiy €d8L1ON
N EN:‘:\NU
0102 Te 12 eAnqrys QUON d H d D HO-€ urprueddoyjuy [eD-a-u-ddN 0047€OAV vIpIunIYy 1O
600 ‘T8 32 eS| SUON O H a9 HO-¢ prouoaey  [eD-a-0-ddN SYIOPIVE 1wy souddsoiq asvyvSe]
010C Te 32 g:ﬂEm QUON 4 H 9 V ap1s04[3 prouadiayy, ®H-a-0-ddn ¥Z60¥a XU 2uif]D cdeLLON
wina1s12doad]
TT0T Te 3° U3 QUON I O d V HO-¢-Profey[e [eploi2s [eD-a-0-ddN $96,£0AV wnuvjog THNVD
o[D 10§ Ayuye
$00Z Te10 0qny  2dUBYUD OFLEH UOIRINA H H d 9 HO-¢-prouoAe[ eH-a-u-ddn ¥1990avd DjppLod VIVLY LYOY
vpLgAy
6661 Te 32 9T dUON O H a o HO-¢-prouoae]]  [eD-d-0-ddN 80dS60 X vunjad  ISULIWDE]
8661 T 19 OFB]N QUON O H d 5 HO-¢-prouoae[ [eD-d-0-ddN TSMZ60D oSunu vusiA LPOEAN
EERIIEIETEN| Ayoiy10ads Jouop 1edns sanpisal Adiy1oadsoldas siouop edng  ‘ON UOISS9IIY sa1oadg sweu
10} 9OUBPIAS [BINONIG NdSd [euld J0y1doooy Quan

9500N|3-a UBY) JOYJO SIeSNS ppe Jey) SOWAZUD | |0 *Z 3]qel

310°saan0adsiadyso-mmm

77,

SIAILDIdSYId

A3ojoig ur saandadsiag toqiey Sundg pjod ﬁa_umeuﬁw

Cite this article as Cold Spring Harb Perspect Biol 2019;11:a034744



T. Louveau and A. Osbourn

panuuo)

600¢ ‘Te 32 1yon3oN
600 Te 32 IyonSoN

0002 Te 19 eurrysedeN

ST0T Te 10 Twedyo

8107 Te 12 Suepy

£10T 1T pu® uay)
0TO0T Te 32 eSetrg],

1102 'Te 32 LIOYAJUOIN

oD ym Aianoe

paoueyua MOSEY

LTTS jueInui a[qnop

VD JO HOOD ym

JorIUT AT)0211p AR

doo| gN a3 ut £ZTS pue
Jnowr Hdsd o3 pIsut 05

doo[ gN a3 ur £ZTS pue
Jowr HdSd oyl 2pIsur 0S¢y

dooy gN 2y ur 1S pue
Jnowr Hdsd o3 dpIsuI 6£€q

El9)

M £JIAT)OR paoueyud

STPIT uoneinu X

JO 6D YIMm uornderajur

o1qoydoIpAY ur pasjoAUr
2q pnod dooy gN I T#1]

El9)

M £JIAT)OR paoueyud

LTH1I uonenu 4X

JO 6D MM UOTORIAIUT

o1qoydoIpAy ur pasjoAur
2q pnod dooy GN I ZH 11

u.—mu .HOM %ﬁﬂ@ww @Ducwﬂﬁv

SESTT uoneIu O[5

JO 9D puE 7SS U2amMIdq

uonoeIdur Juasdrd
Lewr doop 6N UT €611
UON

SUON

I

0

¢}

a

a

HO-L-prouoAe]
HO-L-prouoaAeff

HO-Z-prouoae[{

9p1s004[3
prouadiajouoy

uruefooyuy

proe o10ZU2qAX0IPAYI(T

PIoe DISTIURL)
oprsojoeres

urpruefooyuy

VO-d-v-ddNn
VO-a-0-ddN

VO-a-0-ddN

[Ax-a-0-dan

[Ax-a-0-dan

kx-a-0-4an
kx-a-0-dan

[Ax-a-0-dan

8¥61€OVd

Ir61eOVL

saeved

e8ISOV

EMAT60

SOYVOHAV
6¥0C9IVO

YSLTLIAY

SU2ISa] :k\ vyjraod

£d881oN
D2IV]014212V]

pupjpIIs SA88.LON
SISua[pIInq

D1ID]1INIS 1dss.1on

SISUAULS

vijjpuvy Id76.190

puvivy] "y 14641950

vuvioy] 'y
wnoisiadoad] -g
sIsuaULYd

vipIuIY

V68190
LOVO

LLOOEA

EERIEICTEN|

Ayoiy10ads Jouop 1edns
10§ 20UBPIAD [BINDNIAS

sanpisal
OdSd [euld

Aoiy1oadsoidas
J101doooy

siouop 1edng

"ON UOISS900Y

aweu
auan

sa10adg

310°saan0adsiadyso-mmm

77,

SIAILDIdSYId

A3ojoig ur saandadsiag toqiey Sundg pjod ﬁa_umeuﬁw

panunuo g s|qe]

Cite this article as Cold Spring Harb Perspect Biol 2019;11:a034744

10



Plant Natural Product Glycosylation

"aseIdjsueI)[As0o4[S Jonpoid Lrepuooas jue[d ‘OJSd

Y00 Te 30 UewpAig N S d O 9 X ap1s0d4[S prouosely  eYY-1-0-dAN €IADSD  puXDULSHUID [P THD
0107 '[e 32 eAnqrys SUON T O O a T opsodk[d provadmoyal,  eqy-1-0-dAn SZ60VA xow ' FHIGION
€10€ ‘Te 12 uewpA1g N T 4 O d D ap1s0d4[3 prouoae[y  eYY-1-0-dAN 1€98TVAY  sisuouss snapy  [OI9°ISD
vpriqhy
7661 'Te 30 eIa1SnIg BWON T I O d D  HO-¢-wpmedopuy  eyqy-1-0-ddn 9TLEFD x vpungad Iy
wnsodaqnj
£00T T8 39 anDON SUON X 4 N d S Pro[ex[e0d4[3 [eproialg BY-1-0-ddN cLYY8ddV wnuvjog €LOS
10T
‘T8 10 sepoy sefoy BWON 4 4 O d D aprsooni8 jouoae]  eQY-1-0-dAN 10V I6NVE XD 9V6LLON
£00T T 12 HO
eIeqReyes-BIPUoL BWON 4 4 H d V  -L-opwoondouoael]  eyqy-1-0-ddN 9AN'I60 vuvipyl 'y 1068190
€00 Te 39 sauof SWON T ¥ N d V HO-G-pouose[y  eqy-1-0-ddN 9SL6TIVY vuvipyl Y 1A8LLON
DA0If1114S020.49
810 [& 12 yastu] BWON L X O d Vv HO-¢-fouoael]  eqY-1-0-dAN  TVADSZIVOV X DIus0204) /410N
)
M £)1Anoe pasearour
sey §G7y ‘odreyd
aanjedou oy Sumuereq
VO JO HOOD M
G007 e 10 epemes  Apoaxp peuIpmodo ey K d O A 4 urueddooyuy  yH-a-n-dan OHINSD  swuaidsyppg 1986150
SIsua[vin
9102 Te 30 nxX G0N X 4 O 9 O prouadiayi], VO-a-v-ddN 1€9€0INV vz 4ioA]D LVONnO
dooy gN ayp ur 871§ pue
010 e OUQ JnownHdsdaypopisuizsey W ¥4 O d V HO-£-uruadidy VO-a-v-ddN TSSLYHV  vorsiad poruoiap 8d88.1ON
QOOM GN 23 ur £Z1S pue mn\_.\%s
600T Te 12 IPNSON  Jnow HJsdayrapisuissey W ¥4 O H ¥V HO-L-2uoAe[] VO-a-0-ddN S¥61€OVd wnupiguy ras8.1oN
dooy 6N a3 ur £Z1S pue wnotpui
600 Te 3 TnSoN  Jnow DS AW PIUISEy W d O AV HO-L-Plouosel]  y¥D-a-0-ddN LV61€DVE wnuvsag  9q88ION
S90UDIJY Ayoiy10ads Jouop 1edns sanplsal Aoiy1oadsoidas siouop edng  ‘ON UOISS9IIY sa10adg aweu
10} 92UBPIAD [BINIDONAS NdSd [euld 10)dedoy Quan

310°saan0adsiadyso-mmm

77,

SIAILDIdSYId

A3ojoig ur saandadsiag toqiey Sundg pjod ﬁa_umeuﬁw

panunuo g s|qe]

1

Cite this article as Cold Spring Harb Perspect Biol 2019;11:a034744



fco;ﬁ?% Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voocd”

www.cshperspectives.org

T. Louveau and A. Osbourn

mutagenesis experiments have confirmed the
importance of this residue and suggest a role in
selection of the C4 stereochemistry (the C4 hy-
droxy of L-Ara and p-Gal being in an axial posi-
tion, as opposed to the equatorial position of
D-Glc C4 hydroxy; Fig. 3C). Q44 is also replaced
by asparagine or histidine in some rhamnosyl-
transferases and xylosyltransferases but the
role of these residues has not been investigated
(Table 2). Characterization of xylosyltransfer-
ases has highlighted the importance of the N5
loop in sugar specificity (the fifth loop on the
amino-terminal domain of GT1s, as defined by
Osmani et al. 2009; Fig. 3B). Site-directed muta-
genesis of xylosyltransferases and arabinosyl-
transferases has demonstrated the crucial role
of certain residues in the N5 loop for selection
between the hexoses p-glucose and p-galactose
versus the corresponding structurally related
pentoses, D-xylose and L-arabinose (Table 2;
Fig. 3C). Crystal structures have also confirmed
the proximity of the N5 loop with the p-glucose
C6 hydroxy group, which is absent in pentoses
(Fig. 3C) and its role in stabilizing GT1/UDP-
Glc conformers in VvGT1 (T141) and Os79
(S142; Table 2). The central residue of the N5
loop has also been implicated in glucuronosyla-
tion activity shown by Lamiale UGT88Ds (Table
2; Noguchi et al. 2009). Nevertheless, the preva-
lent determinant in glucuronosylation activity
appears to be the presence of a charged residue
that is able to stabilize UDP-p-glucuronic acid
(UDP-GA) binding by balancing the negative
charge of GA C6 carboxylate. Mutation of the
arginine residues R25 and R350 of UGT94B1 and
UGT88D7 (flavonoid glucuronosyltransferases
from Bellis perennis and Perilla frutescens), re-
spectively, impaired GA selectivity (Table 2).

Several plant UGT rhamnosyltransferases
have been identified, but the lack of commercial
sources of UDP-Rha has hindered structure/
function analysis of these enzymes. The amino
acid residues that determine L-Rha recognition
have not as yet been identified, although some of
the residues mentioned above could be involved
(Table 2). The recent report of the crystallization
of A. thaliana rhamnosyltransferase UGT89C1
may shed light on the determinants of rhamnose
specificity (Zong et al. 2019).

In summary, the recent elucidation of several
GT1 crystal structures along with site-directed
mutagenesis have highlighted the central role
of some residues in determining sugar specific-
ity. As seen above, two residues are particularly
important in this regard: the final residue of the
PSPG motif and the central residue of the N5
loop. The convergent evolution of sugar speci-
ficity implies that alternative routes exist and this
is shown by the lack of H44 in the tomato galac-
tosyltransferase GAMEI, which initiates the
addition of the C3 sugar chain of the steroidal
glycoalkaloid o-tomatine (Table 2; Itkin et al.
2011).

Enzymes capable of adding certain types of
sugars that are commonly found in sugar chains
of specialized metabolites (e.g., D-fucose or p-
mannose) are still missing from the collection
of functionally characterized GT1s from plants.
However, the increasing body of knowledge
about determinants of sugar specificity may en-
able such enzymes to be predicted based on the
presence of unusual amino acid residues at spe-
cific positions that might suggest use of alterna-
tive sugar donors (nonglucose).

A ROLE FOR TRANSGLYCOSIDASES
IN GLYCOSYLATION OF SPECIALIZED
METABOLITES IN PLANTS

Assembly of glycosidic moieties attached to
plant specialized metabolites remains poorly
understood and only a limited number of en-
zymes that carry out such modifications have
been characterized to date. Within the last
10 years, transglucosidases (TGs) have also
been shown to have roles in glycosylation of
small molecules. TGs have evolved from B-glu-
cosidases belonging to the CAZY glycosyl hy-
drolase family 1 (GH1). GH1s are retaining gly-
cosidases that hydrolyze glycosidic linkage via a
double-displacement reaction involving a cova-
lently bound glycosyl-enzyme intermediate
(Fig. 4B; Lairson et al. 2008). GH1s usually re-
lease the sugar unit by transferring it onto a
water molecule. In the case of TGs, water is re-
placed by a metabolite.

The TGs that have been characterized so far
are scattered throughout the GHI1 phylogeny

12 Cite this article as Cold Spring Harb Perspect Biol 2019;11:a034744
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and are more closely related to GHs than to
other TGs. Modification of the transition state
structures, mechanistic restriction of water ac-
cess to the active site, and increased substrate
specificity via binding site modifications have
been proposed as factors that distinguish TGs
from the prototype GH1 enzymes and promote
transglycosylation activity (Bissaro et al. 2015).
Plant TGs have been shown to glycosylate an-
thocyanins using acyl sugar substrates as sugar
donors (Matsuba et al. 2010; Miyahara et al.
2012, 2014). A rice TG has also been identified
that glucosylates flavonols, phytohormones, and
phenylpropanoids (Luang et al. 2013).

PROSPECTING FOR NEW ENZYMES
AND BIOSYNTHETIC PATHWAYS

As highlighted earlier, many glycosylated plant-
specialized metabolites have important bioactive
properties and a wide range of potential medic-
inal, agricultural, and industrial applications.
The rapidly growing body of plant genome and
transcriptome data (Xiao et al. 2013; Matasci
et al. 2014; Kersey 2019) is opening up un-
precedented opportunities to mine for genes
encoding new sugar transferases to expand the
glycosylation toolkit available for glycodiversifi-
cation of small molecules using metabolic engi-
neering approaches. The recent discovery that
the genes for natural product pathways are some-
times organized in biosynthetic gene clusters in
plant genomes is enabling the development of
algorithms for prediction of new pathways en-
coded by suites of physically linked genes (e.g.,
plantiSMASH, PhytoClust), and are rapidly ac-
celerating pathway discovery (Niitzmann et al.
2016; Kautsar et al. 2017; Owen et al. 2017; T6p-
fer et al. 2017). The limiting factor now is not so
much gene discovery as elucidation of the func-
tions of new predicted enzymes and pathways.

Engineering Plant Glycoside Biosynthesis
in Heterologous Hosts

Plant glycosides have a wealth of medicinal, ag-
ricultural, and industrial applications. Many of
the plant glycosides that are currently used com-
mercially are sourced by extraction from the pro-

Plant Natural Product Glycosylation

ducing plant species, as these compounds are
too challenging to be made by synthetic chem-
istry, at least at commercial scale. Given that
many of the source species have not been do-
mesticated, this presents concerns about the en-
vironmental sustainability of such processes.
Cell suspension or hairy root cultures are used
for production of some plant natural products,
including the anticancer drug taxol (Howat et al.
2014). However, these systems suffer from insta-
bility of the production lines. Furthermore,
purification of the target compound is often
confounded by the fact that these cultured lines
often produce a plethora of isomers or related
structures, making purification extremely diffi-
cult. Metabolic engineering of plant natural
product pathway genes into heterologous ex-
pression systems can enable not only the reca-
pitulation of pathways for known molecules but
also the systematic glycodiversification of natu-
ral product scaffolds to generate new-to-nature
compounds. Microbial systems such as the
Gram-negative bacterium Escherichia coli and
Baker’s yeast (Saccharomyces cerevisiae) are of-
ten used as the preferred hosts for metabolic
engineering of plant natural product pathways.
However transient expression in the wild relative
of tobacco, Nicotiana benthamiana, is now open-
ing up new opportunities for gram-scale pro-
duction of plant natural products and analogs.
Some examples of glycosylated plant compounds
that have been generated by metabolic engineer-
ing in these various hosts are shown in Figure 4.

E. coli only makes a limited set of sugar
donors (UDP-Glc, UDP-GA, UDP-4-deoxy-4-
formamido-1-Ara, and TDP-sugars), which pre-
sents limitations for heterologous expression of
pathways for small molecules with diverse sug-
ars attached. An important contribution has
been the engineering of E. coli for the production
of additional sugar donors, allowing the intro-
duction of new sugar moieties by GTls ex-
pressed in E. coli. The Ahn laboratory has suc-
cessfully produced flavonoid rhamnosides,
xylosides, and arabinosides as well as flavonoids
bearing other sugars, including deoxy-sugars,
with yields in the region of a few hundred
mgL™" (Kim et al. 2012, 2013; Yoon et al.
2012; Han et al. 2014). Other examples of plant

Cite this article as Cold Spring Harb Perspect Biol 2019;11:a034744 13
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glycosides produced by metabolic engineering
in E. coli include indican (the direct precursor
of indigo) and various phenolic glucosides
(arbutin, salidroside, gastrodin; Fig. 5).

S. cerevisiae has traditionally been the host of
choice for heterologous production of terpe-
noids and has been used successfully for the
semisynthetic production of the antimalarial
sesquiterpenoid drug artemisinin (Paddon and

Keasling 2014). Artemisinin is not glycosylated.
However, industrial-scale production of several
terpenoid glycosides has been successfully
achieved in yeast, including triterpenoid glyco-
sides known as ginsenosides, the active constit-
uents of the herbal medicine ginseng (Mancuso
and Santangelo 2017). In initial experiments the
ginsenoside variants Rhl, F1, Rh2, and Rg3
(Fig. 4) accumulated at levels of >100 mg L™

OH

Escherichia coli OH oH o
HO O,
° HO Q
N o / OH
— y o o Ho o OHO

o OH

Indigo Indican Arbutin Gastrodin Salidroside
Saccharomyces cerevisiae HO, HO,

oH\ﬁjoH
HO, HO, HO o

~ HO,

1,2-Stevioside

OH
Ginsenoside Rh1 Ginsenoside F1

Nicotiana benthamiana

o&gﬁf
)

Kaempferol 3-O-(6"-O-coumaroyl)-
glucosyl rhamnoside

Kaempferol
3-O-rhamnoside

Rebaudioside D

HO,

oH O H
o OH
H HO
ol
H

H

HO,
O OH
OH
H

Rebaudioside M

163-Hydroxy-B-amyrin
3-O-arabinoside

163-Hydroxy-B-amyrin
3-O-glucoside

Figure 5. Examples of plant glycosides produced by metabolic engineering in heterologous hosts. Examples
shown are from data in Hsu et al. (2018), Shen et al. (2017), Xue et al. (2016), Chung et al. (2017), Bai et al. (2016),
Louveau et al. (2018), Liu et al. (2018), Irmisch et al. (2018), Olsson et al. (2016), and Zhuang et al. (2017).
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(Jung et al. 2014; Wang et al. 2015; Wei et al.
2015). Zhuang et al. (2017) were subsequently
able to achieve yields of ~300 mg L™" ginseno-
side Rh2 in a 5 L bioreactor by engineering and
repurposing a promiscuous yeast ergosterol
GT1ScU GT51. High-throughput colorimetric
screening of a mutant library enabled the cata-
Iytic efficiency of SCUGT51 to be increased by
~1800-fold. These developments now offer a
credible and sustainable alternative to sourcing
ginsenosides from the Panax species.

There has been considerable recent interest
in biotechnological approaches to produce nat-
ural sweeteners. The search for low-calorie
sweeteners to reduce sucrose consumption has
been driven by awareness of the risks associated
with excessive calorie intake, including obesity
and diabetes. Efforts have been made to under-
stand the biosynthetic pathways for important
sweeteners from plants and to engineer their
production in heterologous hosts (Seki et al.
2018). Engineering of the pathway for steviol
glycosides from sweetleaf (Stevia rebaudiana)
(Fig. 4) currently represents the most advanced
example of commercial production of natural
sweeteners in yeast. Rebaudiosides D and M
(C19 di- and trisaccharides, respectively) are
less bitter than 1,2-stevioside and rebaudioside
A, the most abundant steviol glycosides found in
S. rebaudiana leaves (C19 monosaccharides). A
synthetic biology approach was taken to increase
the ratio of rebaudiosides D/M to 1,2-stevioside/
rebaudioside A in yeast. This was achieved by
targeted optimization of one of the GT1s re-
quired for steviol glycoside biosynthesis to re-
shape the acceptor-binding site, and therefore
modulating acceptor accommodation (Olsson
et al. 2016). This work, as well as further path-
way optimization (U.S. Patent No. 9,957,540
B2), allows improved production of rebaudio-
side D/M and reduced accumulation of undesir-
able bitter steviosides in yeast. These improved
Stevia sweeteners (developed by the company
Evolva) have been sold commercially under
the brand name EverSweet since March 2018.

D-Glucose is readily available in yeast and
most of the work reported here has involved
the production of glucosides. However, efforts
to engineer alternative UDP sugar pathways into

Plant Natural Product Glycosylation

yeast have also been undertaken. Liu et al. (2018)
recently reported the production of two flavo-
noid glucuronosides, including 108 mg L™" of
scutellarin and 185 mg L ™" of apigenin 7-O-glu-
curonide in yeast (Fig. 4). Metabolic engineering
was undertaken to increase the pull of malonyl-
CoA (a phenylpropanoid precursor) as well as to
provide the required sugar donor UDP-galac-
tose via expression of the UDP-glucose de-
hydrogenase from the Chinese plant Erigeron
breviscapus.

Plants have a number of advantages as hosts
for heterologous expression of enzymes and
pathways of plant origin. There is no need for
sequence recoding, they support correct mes-
senger RNA (mRNA) and protein processing,
protein localization, and metabolic compart-
mentalization, and have many of the necessary
metabolic precursors and coenzymes. Transient
expression in N. benthamiana is proving to be a
very rapid and powerful method for metabolic
engineering of plant natural product pathways
(Reed et al. 2017; Reed and Osbourn 2018; Ste-
phenson et al. 2018). This method involves in-
filtrating Agrobacterium tumefaciens containing
expression constructs for the genes of interest
into N. benthamiana leaves. This system is also
eminently scalable and is currently being used
for commercial production of flu vaccines (Mar-
sian and Lomonossoft 2016). The process takes
only 5-6 days from agroinfiltration to extraction
of plant tissue. Furthermore, combinations of
genes can be expressed together simply by co-
infiltrating multiple A. tumefaciens strains con-
taining different expression constructs (Lau and
Sattely 2015; Reed and Osbourn 2018). Tran-
sient plant expression has been used to generate
gram-scale quantities of pure triterpenoid and is
highly amenable to metabolic engineering of
more complex glycosides.

Production of triterpenoid glucosides (Kha-
kimov et al. 2015; Louveau et al. 2018), cyano-
genic glycosides (Takos et al. 2011), and gluco-
sinolates (Geu-Flores et al. 2009; Pfalz et al.
2011; Crocoll et al. 2016) have been reported
in N. benthamiana. This platform is particularly
attractive for production of complex glycosides.
Recent publications have confirmed the amena-
bility of N. benthamiana for heterologous pro-

Cite this article as Cold Spring Harb Perspect Biol 2019;11:a034744 15



fco;ﬁ?% Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

www.cshperspectives.org

T. Louveau and A. Osbourn

duction of metabolites conjugated to various
sugar units. The production of triterpenoid ara-
binosides, xylosides, and galactosides as well as
flavonoid rhamnosides has been reported (Fig.
5; Irmisch et al. 2018; Louveau et al. 2018).

CONCLUDING REMARKS

As we have seen in this review, glycosidic moi-
eties impact substantially on the bioactivity and
bioavailability of plant specialized metabolites.
By harnessing an array of plant GT enzymes that
are able to add single and multiple sugars, it
should be possible in the future to carry out
systematic glycodiversification of small mole-
cule scaffolds. This will be facilitated by the
ever-growing amount of available plant genome
and transcriptome data, the development and
refinement of algorithms that enable the discov-
ery of new sugar transferase enzymes, and by
synthetic biology (e.g., DNA synthesis, stan-
dardization of parts, modular cloning systems)
(Owen et al. 2017). Better understanding of the
structure/activity relationships of plant GT's will
enable rational design of new biocatalysts. These
advances, in combination with optimized mi-
crobial and plant heterologous expression plat-
forms and the advanced tools offered by modern
molecular biology (e.g., affordable synthetic
genes, standardization of DNA assembly tech-
nologies, CRISPR) have the potential to drive
the development of a new generation of bio-
based pharmaceuticals, food additives, personal
care products, agrichemicals, and other indus-
trially important compounds.
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